Electrochemical CO 2 reduction has received an increased amount of interest in the last decade as a promising avenue for storing renewable electricity in chemical bonds. Despite considerable progress on catalyst performance using nanostructured electrodes, the sensitivity of the reaction to process conditions has led to debate on the origin of the activity and high selectivity. Additionally, this raises questions on the transferability of the performance and knowledge to other electrochemical systems. At its core, the discrepancy is primarily a result of the highly porous nature of nanostructured electrodes, which are vulnerable to both mass transport effects and structural changes during the electrolysis. Both effects are not straightforward to identify and difficult to decouple. Despite the susceptibility of nanostructured electrodes to mass transfer limitations, we highlight that nanostructured silver electrodes exhibit considerably higher activity when normalized to the electrochemically active surface in contrast to gold and copper electrodes. Alongside, we provide a discussion on how active surface area and thickness of the catalytic layer itself can influence the onset potential, selectivity, stability, activity and mass transfer inside and outside of the three dimensional catalyst layer. Key parameters and potential solutions are highlighted to decouple mass transfer effects from the measured activity in electrochemical cells utilizing CO 2 saturated aqueous solutions.
Introduction
Electrochemical carbon dioxide (CO 2 ) reduction was pioneered by Y. Hori in the 1980's. 1 The number of published scientic papers in this area peaked in the mid-1990s, and settled down to a plateau in the 2000s with $10-20 papers per year being published. At this time, the decreasing cost of renewable electricity and the need for electrical/chemical storage in global energy production had a riveting effect, prompting a resurgence in the eld and many new research groups to study electrochemical CO 2 reduction research in the early 2010s. Since 2015, several hundreds of papers are now published each year studying electrochemical CO 2 reduction experimentally and/or theoretically.
Most electrochemical CO 2 reduction studies (>98%) have been conducted in conventional H-cell architectures in CO 2 saturated electrolytes at ambient pressure. 2 Considering the common observation that the performance of CO 2 electroreduction catalysts are inuenced by many factors such as electrolyte composition and concentration, (local) pH, cell design etc., the signicance of optimizing the catalytic activity, selectivity and testing the stability in CO 2 saturated solutions at ambient pressure has recently been challenged by different research groups. [3] [4] [5] The industrial relevance to transition from CO 2 saturated aqueous electrolytes to vapour-fed systems has further been highlighted as a promising approach to integrate catalyst development with reactor design under practical operational conditions. Such a combined approach is necessary to accelerate electrochemical engineering research in the eld due to the unique interconnected factors governing the chemistry in CO 2 electrolysis processes. These include homogenous reactions between CO 2 and OH À , the competing hydrogen evolution reaction, and broad product distributions when compared to other gas phase electrochemical reactions such as oxygen reduction (ORR) and hydrogen oxidation (HOR).
Despite the eld's shi towards vapour-fed systems to improve industrial relevance, the catalyst layer of gas diffusion electrodes (GDEs) is usually ill-dened and mass transport of species to and from reactive zones can be considerably complex. 6 Activation and mass transport limited regions might simultaneously exist throughout the porous catalyst layer at nearly all potentials due to the nature of the reactive zones. 7 Moreover, the correction of ohmic loses may not be sufficiently accurate to gain fundamental insights from kinetic studies, due to the complex thin water layer on the catalyst and the porosity of the gas diffusion media and catalyst layer. 8 Therefore, conventional aqueous electrochemical cells are still a very useful platform to study reaction kinetics, reveal active sites and evaluate intrinsic activity by using well-dened surfaces, shape controlled nanoparticles and homogenous mass transport, which can minimize trial and error catalyst discovery. The ability to study fundamental phenomena in an gas saturated aqueous system is one of the strategies that is oen used for other electrochemical reactions that are now performed in the gas-phase such as ORR and HOR. 7, 9 Within the CO 2 reduction eld, Kanan and co-workers' impactful report on oxide derived electrodes has gained a lot of interest by researchers, as these were the rst electrodes found to decrease the onset potential of CO 2 electroreduction to reasonably low overpotentials with high selectivity towards carbon based products. 10, 11 The eld collaboratively gured out that similar performances can be obtained by preparing nanostructured and/or mesostructured electrodes via different preparation methods which do not involve electrochemical or non-electrochemical oxidation and reduction cycles of metal electrodes. [12] [13] [14] [15] Therefore, in this review, we will refer to all of these electrodes collectively as nanostructured and/or mesostructured electrodes depending on the structure of the catalytic layer. These electrodes are schematically depicted in Fig. 1 along with smooth and rough 2-D electrodes. A key property of nano/mesostructured electrodes is their very high electrochemically active surface area (ECSA), which is conned to porous 3-D catalyst layers. This class of electrodes exhibit three major attractive properties compared to their planar polycrystalline counterparts.
(i) Lower onset potential for CO 2 reduction, especially towards CO and/or formic acid.
(ii) Higher selectivity and, arguably, activity at same potentials towards CO 2 reduction products.
(iii) Higher electrocatalytic stability.
Here in this mini-review, we would like to discuss how observed electrochemical performance can be largely inuenced by non-material factors such as the electrochemically active high surface area, morphology and 3-D structure of the catalyst layer. The differences between ECSA and thickness of the electrodes may not only inuence activity, selectivity and stability but also product analysis, activation control and mass transfer limited potential windows.
Onset potential
The onset potential for the formation of a particular product is one of the most commonly used but poorly dened terms in the eld of electrochemical CO 2 reduction. Nonetheless, it has been oen dened as the least negative potential in which a reaction product or faradaic current was detected. The onset potential has been increasingly used as a metric of efficiency for CO 2 reduction electrocatalysts in the last decade, especially as nanostructured electrodes were introduced. For instance, the onset potential for CO production was shied towards less negative potentials by 200-400 mV on high surface area nanostructured and mesostructured silver and gold electrodes prepared via different methods in comparison to their equivalent at surfaces. 10, 13, 16 In addition, higher selectivities towards C 2 products have been reported numerous times for high surface area copper electrodes. 12 The change in the onset potentials, however, were not as signicant as in the case of Ag and Au.
The recorded low overpotentials are inherently the most susceptible to sensitivity issues during product analysis, due to challenges in product measurements at low current densities. Polycrystalline and nanostructured electrodes with the same geometrical area were commonly tested while the ECSA of the latter one can be one to several orders of magnitude larger. Since sensitivity of the product analysis scales with the ECSA of the electrodes, when the same electrochemical cell and operational parameters are used, these electrodes benet from the higher sensitivity, particularly at low potentials. Dunwell et al. performed potential dependent product analysis with high sensitivity on planar polycrystalline Au and Ag electrodes at low overpotentials to compliment Tafel studies. 17, 18 It is important to highlight that Au and Ag electrodes are capable of producing CO at overpotentials that are comparable to high surface area electrodes. Many Au and Ag based electrocatalysts have been reported in the literature that have a variety of onset potentials ranging from À0.2 V vs. RHE to À0.6 V vs. RHE for the formation of CO. 14, 15, 19 These discrepancies most likely result from the differences between the electrochemical cells, e.g. ratio of the headspace of the cell to ECSA area of the electrode, as well as the sensitivity of the employed analytical method for product identication. Since the roughness factor of the nanostructured electrodes varies between 10-3000, it is impractical to test a planar polycrystalline electrode with the same surface area. Therefore, observing lower onset potentials for CO 2 electroreduction products on nanostructured electrodes compared to planar polycrystalline counterparts does not necessarily indicate more efficient (electro)catalysis.
Selectivity and stability
In electrocatalysis, the selectivity is oen described in terms of faradaic efficiency (FE) or current efficiency, and this is one of the key metrics of CO 2 electroreduction catalysts. However, the selectivity towards a particular product can be misleading as it indicates in most cases that selectivity towards a targeted product improves, when in fact the competing product may just be suppressed. Nanostructured electrodes, given their complex interaction with the surrounding electrolyte environment, are particularly susceptible to this effect.
Such an effect can be commonly observed for the primary competing reaction for CO 2 reduction, the hydrogen evolution reaction (HER). Although higher CO 2 reduction selectivity resulting from hydrogen suppression has been recently pointed out in several papers, 12, 20 we would like discuss this phenomenon in more detail. Even though the major source of evolved hydrogen is water and/or buffer anions in neutral and alkaline medium, HER rates depend on the pH near metal electrodes. 21, 22 In addition to the apparent Nernstian shi in the recorded onset potentials (vs. NHE) as a function of pH, the kinetics of the reaction are known to be slower in alkaline medium. 23 Moreover, the binding energy of *H, and subsequently HER rates, may be inuenced by *CO on some metal electrodes in which there is a signicant CO coverage during CO 2 electroreduction. 24 On the other hand, CO formation on gold and ethylene formation on copper are considered to take place via a pH-independent mechanism where electron and proton transfers are de-coupled. 13, 25 Therefore, the formation of these products is essentially blind to pH changes near the electrode surface, in contrast to hydrogen, unless the alkalinity leads to a drop in CO 2 concentration. Therefore, an increase in the selectivity can be recorded regardless of whether the CO 2 reduction performance has increased or not as result of suppression of the hydrogen evolution reaction. This is less of a problem when comparing electrodes with similar ECSA, although the thickness and the structure of the catalyst layer itself is very important. 20, 26, 27 In other words, signicant selectivity differences between the electrodes with the same roughness factors can be obtained depending on differences on the thickness of the catalytic layer and porous structure. When comparing electrocatalysts with substantially different ECSA, the selectivity then might be a very poor representative metric of the performance as a result of dramatic differences in local conditions.
Dunwell et al. measured the local pH near a chemicallydeposited Au thin lms during CO 2 electroreduction by using in situ surface enhanced infrared spectroscopy (SEIRAS). 28 The chemically deposited Au thin lm (<100 nm) was composed of densely packed Au grains that is analogous to the electrode depicted in Fig. 1b . The measured pH was around 9 in a 0.5 M NaHCO 3 solution at a current density of 5 mA cm À2 . The corresponding potential needed to achieve this current density was around À0.9 V vs. RHE while the same (geometrical) current density was recorded on a porous gold electrode, which is depicted in Fig. 1c , at potentials closer to À0.4 V vs. RHE. 10 Therefore it is not possible to compare two electrodes at the same geometrical current density when there is a considerable difference between the ECSA of the electrodes. In addition, even aer assuming the ECSA normalized current densities are similar, the local conditions measured by SEIRAS in Au thin lms cannot be quantitatively compared to the porous gold electrodes at the same potential due to large differences between the thickness of the catalyst layer. The differences in the nature of the mass transport towards a 2-D planar and 3-D porous electrode will be discussed in Section 5. In short, it is expected that the average local pH will be higher at the same potential on porous Au electrodes compared to their polycrystalline counterparts as a result of 2-D ux of species into the 3-D catalyst layer, even though the generation of OH À is more spatially-distributed within the catalyst layer. Therefore, HER could be surpassed at the same potential while the CO production rate is still the same or even lower. 13, 14, 27 A catalyst is usually considered to be selective if it can reduce the kinetic barriers associated with the formation of a specic desired product, or increase barriers towards a competing unwanted reaction. Therefore, classifying an electrocatalyst as being selective in this case is open for discussion as the measured selectivity can be solely a result of local concentration effects and not due to changes in the intrinsic kinetics of the desired reaction(s).
While selectivity is one the most discussed performance metrics for CO 2 electroreduction, the stability of the electrocatalysts is perhaps the least studied aspect of the electrode. Most stability tests reported in literature are limited to several hours, although it is one of the most important factors in terms of scalability of the technology. Nevertheless, short term tests on polycrystalline electrodes have revealed a signicant loss of activity in a relatively short amount of time. 1, 10 In their rst studies, Hori et al. attributed the short time of stability of electrocatalysts to the deposition of metal impurities present in the electrolyte that block active catalytic sites for CO2RR and instead promote hydrogen evolution. Nanostructured electrodes, with a very high electrochemically active surface area, could be considered less sensitive to this type of poisoning. 26, 29 This has been quantitatively depicted by Clark et al., where the ratio of active surface area and the volume of the electrolyte solution was shown to play a crucial role on the sensitivity towards metal impurity poisoning. 20 It is important to note that Hori et al. explicitly state that a slower deactivation of copper electrodes in intensively cleaned electrolyte solutions still persists, 29 an observation that also has been recorded on high surface area electrodes. 26, 30 Other poisoning mechanisms have been suggested to take place due to the formation of graphitic carbon from CO 2 reduction intermediates. 31 This type of poisoning could also be potential and product dependent, since nanostructured Cu electrodes have shown much better stability when C 2 and C 3 products are favored. 11, 32 The chemical identity and potential dependent formation of poisonous carbon species to date were not identied clearly. Ex situ or preferably in situ spectroscopic methods such as surface enhanced infrared and Raman spectroscopy might be necessary to elucidate the structure of the thin carbon layer formed on the electrode surface during electrolysis. 33 Surface re-construction or changes in the morphology as a result of oxide reduction, dissolution and re-deposition might alter the selectivity towards CO 2 reduction products or hydrogen. 34, 35 Further, the selectivity changes might occur at the very early stage of the electrolysis or can span hours. 36, 37 Therefore, depending on the product analysis intervals, it may not possible to record selectivity differences for rapid changes of the surface. Copper oxides are known to be reduced at cathodic potentials although a small amount of subsurface oxygen is considered to effect the catalytic performance. 38 The reduction of copper oxides that are formed intentionally or naturally as a result of exposure to electrolyte lead to surfaces abundant of stepped sites on copper electrodes. 39, 40 The slow transformation of the stepped surfaces might be responsible for the deactivation of electrodes over longer periods of time. Similarly, nanostructured gold electrodes exhibited a slow decline in the geometrical current density. 10 The decline in the current density was attributed to sintering of the porous structure which is supported by the roughness measurements before and aer the electrolysis.
Activity and current density
The activity of heterogeneous electrocatalysts is usually expressed in terms of the measured current density at a specic applied potential, while turnover numbers or frequencies of CO 2 electroreduction catalysts have been scarcely reported in the literature due to the unknown nature of the active sites. In the early days of CO 2 reduction research, activity was discussed in terms of the potential dependent partial current density, which are typically normalized to the geometrical surface area. However, it is more insightful to compare the ECSA normalized current density in the same potential window that is free of mass transfer limitations for high surface area electrodes. 12, 20 The ECSA normalized activity of nanostructured Ag and Au electrodes suggests there is no signicant differences in activity compared to their polycrystalline counterparts in the same potential range. 20 However, these comparisons were made with mildly roughened electrodes (roughness factors z 5-10), whereas the difference in the activity of the roughened and at electrodes may not be enough to account for the effect of roughening. For example, Surendranath et al. systematically studied the effect of roughness by tuning the roughness factors up to 100 on mesostructured silver electrodes ( Fig. 2a ). 14 They observed an almost linear correlation between the ECSA normalized activity of the electrodes and roughness, suggesting that CO 2 electroreduction can be promoted while hydrogen evolution is suppressed by mesostructuring Ag electrodes. Similarly, Luan et al. reported the potential dependent activity of electrodes composed of densely packed Ag nanowires with diameters of 30 and 200 nm. The results of this study are shown in Fig. 2b along with a planar polycrystalline silver electrode. 41 Notably, the ECSA normalized activity of the nanowire electrodes exhibited a 10-50 fold increase over a broad range of applied potentials in comparison to a planar polycrystalline silver electrode. Counterintuitively, the electrodes with a lower roughness factor exhibited higher specic activities at almost all applied potentials. Although this may suggest the existence of different active sites, it can be also the result of mass transfer limitations as the length of the nanowires were different. In addition, a 5-20 times higher specic activity was recorded from various high surface silver electrodes prepared via different methods. 16, 19 While the ECSA normalized activity for Ag varies signicantly for planar and nanostructured electrodes, nanostructured Au and Cu electrodes exhibited small variations in activity when compared to their polycrystalline planar counterparts. In Fig. 2c and d, the ECSA normalized current density of nanostructured and mesostructured Au electrodes are shown as a function of applied potential, respectively. 13, 42 The difference between the ECSA normalized area of the electrodes composed of Au leaves and wires were almost the same as the planar Au electrode, except within the mass transfer limited region. The differences in the plateau region most likely results from the thickness and density of the catalyst layer in addition to the differences between the bubble nucleation and release dynamics from the electrode surfaces. Similarly, a mesostructured Au electrode composed of spherical pores with 200 nm diameters exhibited no signicant difference in activity as the thickness of the porous catalyst layer was increased from 0.5 mm to 2.7 mm (Fig. 2d ). 13 Interestingly, the thickest catalyst layer (2.7 mm) showed slightly lower activity at almost all potentials suggesting that the mass transfer effects were prominent in all the tested potentials. Even though the changes in the intrinsic activity of nanostructured and mesostructured gold electrodes were not found to be as signicant as in the case of Ag electrodes, the difference might be the result of polycrystalline benchmark electrodes that are used for comparison. Experimental and theoretical studies on single crystal gold electrodes suggested that CO 2 reduction takes place signicantly faster, 10-20 times, on under-coordinated surfaces, when compared to closedpacked surfaces. 43 Interestingly, polycrystalline gold electrodes exhibited similar intrinsic activity when compared to Au(110) and Au(211) single crystal surfaces implying that polycrystalline gold itself is abundant of open and/or stepped surfaces. Although the cleaning and pre-treatment of the polycrystalline electrode surfaces is most likely of key importance, the relative amount of under-coordinated sites on polycrystalline Au electrodes does not seem to be substantially different when compared to nanostructured Au electrodes.
Electrochemical CO 2 reduction on copper electrodes has been thoroughly reviewed recently by Nitopi et al. and it was suggested that nanostructuring copper has no signicant added value in the overall catalytic performance, based on the ECSA normalized activity. 12 The ECSA normalized activity of a series of high surface area copper electrodes from the literature were plotted against each other, and the differences (2-4 fold increase) were regarded as insignicant. It is important to note that copper is the most susceptible electrode to mass transfer limitations among coinage metals, since the CO 2 to hydrocarbon conversion takes place at relatively higher potentials (À0.6 V to À1.2 vs. RHE) along with an appreciable amount of hydrogen evolution, 27 while high CO 2 reduction activities on Au and Ag electrodes are typically seen at potentials between À0.2 and À0.8 V vs. RHE. 44 While the activity at lower potentials may be similar for different ECSA catalysts, mass transport properties play a more substantial role at the current densities where hydrocarbons are formed.
Mass transport effects

Planar electrodes
The motion of a CO 2 molecule within electrochemical CO 2 reduction to CO which is illustrated in Fig. 3 . This pathway in the system s composed of series of steps involving the dissolution, transport, adsorption and reaction of CO 2 . The adsorption of CO 2 on the electrode surface most likely takes place simultaneously with the transfer of the rst electron and/or proton transfer due to the high energy required to bend the CO 2 molecule. 45 The rates of the electrochemical CO 2 reduction is usually limited by the electron transfer at low overpotentials while, at high potentials, the reaction rates are governed by the mass transfer of CO 2 or protons to the electrode surface. 12 The transition from activation controlled to purely mass transfer limited region is usually not very well dened in H-type of cells. 17 Due to the low solubility of CO 2 at ambient pressure and poor buffer actions, the potential window free of mass transfer limitations can be narrow. One of the well-known phenomena in the eld is the increase of pH near the electrode surface which is a mass transfer problem regardless of whether protons are supplied by buffer anions or water reduction. In order to understand and link these effects to electrocatalytic performance, efforts to model mass transport of CO 2 and electrolyte ions to the electrode surface have been performed in one dimension, removing the complexity of a nanostructured surface, as well as improving the resolution of species within pores. [46] [47] [48] The reaction diffusion model is a system of partial differential equations based on the Nernst-Planck equation for the diffusion of the species from the electrolyte bulk uid to the cathode's surface. 46 The boundary conditions and initial values for these equations are given by the bulk equilibrium reactions involving CO 2 , water and buffer electrolytes and the electrochemical CO 2 reduction rates, e.g. experimental current density. Convection is usually introduced in the form of boundary layer thickness for a constant stirring rate while migration term is oen neglected.
The nature of mass transport towards a planar surface is depicted schematically in Fig. 4a and b , along with the concentration gradients of species in the electrolyte, e.g. CO 2 (aq) and H + . 49 On a nearly atomically at surface, concentration gradients can be estimated as a planar diffusion wave front perpendicular to the surface, as long as the geometrical area of the electrodes is larger than the boundary layer thickness. When the electrodes are intentionally or unintentionally roughened, e.g. typically with a roughness factor ranging from 1 to 10, they exhibit a radial diffusion following the roughness of the electrode that eventually overlaps and gives rise to a planar diffusion front. These electrodes usually have higher local current densities that may cause higher concentration gradients between the electrode surface and bulk electrolyte. Since the surface roughness of a 2-D electrode is generally an order of magnitude smaller than the thickness of a mass transport diffusion layer (50-100 mm), a one dimensional reactiondiffusion model has proven to be sufficient to date for gaining a rough approximation of the average CO 2 availability at the catalyst surface, and the removal of species to the bulk electrolyte as a function of electrolyte concentration. These analyses from simple reaction-diffusion models were largely responsible for initial discussions regarding the importance of local pH as a factor in determining CO 2 reduction selectivity on copper. Nevertheless, a recent comparison of 1-D reaction diffusion models with physical operando measurements suggested the models can provide a reasonable estimation of the near surface concentration of molecules. 27 
Nanostructured electrodes
Due to the importance of surface area on electrocatalytic activity, ECSA normalized activity certainly offers the best opportunity to gain insights into the intrinsic activity of electrocatalysts compared to using the selectivity or current density normalized to an electrode's geometrical area. However, while the surface area of the catalyst can be increased through 3dimensional changes in the electrode's morphology, the maximum ux of CO 2 that can reach the electrode is conned to two dimensions by the planar geometry of electrochemical cells. The mass transport of CO 2 , buffer anions and protons to a nanostructured electrode surfaces is different from that of smooth or mildly roughened electrodes that are comparatively planar (e.g. 2-D). The complexities associated with the differences in transport to different parts of the electrocatalytic surface can lead to variable performances between catalysts that are hard to quantify, leading many researchers to state that observed differences in activity are a result of differences in intrinsic electrocatalytic activity. 12 When nanostructured or mesostructured electrodes composed of micro-and/or nanoporous 3-D catalyst layers are used, the boundary layer extends into the catalyst layer and both the mass transport outside and inside the pores needs to be considered, particularly as a function of current density (see Fig. 4c ). Due to the highly dense and interconnected structure of porous electrodes, highly overlapped non-planar diffusion gradients merge to form a planar diffusion front outside the catalyst later. The mass transport outside the pores will be driven by diffusion, while convection in the system determines the thickness of diffusion layer and mixing of CO 2 in the bulk electrolyte. Mass transport inside the pores will be driven mostly by diffusion and/or migration. The effects of nanostructuring on mass transport has been included in some 1-D models by extending the catalyst layer along the boundary layer, 50 and accounting for how gas evolution from the surface can improve CO 2 replenishment. 51 Very recently, a 3-D mass transport model was developed for mesostructured electrodes which takes into account the interconnected porous structure of the electrode. 52 Raciti et al. simulated the mass transfer on Cu nanowires by using a 1-D model where the activity was varied along the nanowire in contrast to simulations performed on planar electrodes. 50 In a more realistic 3-D model, Suter et al. modelled mesostructured Ag electrodes where the effect of pore size and thickness of the catalyst layer on the potential dependent activity were evaluated. Note that this simulation was performed under highly favourable mass transfer conditions, i.e. rotating disk electrodes, with a boundary layer thickness of $1 mm. In magnetically stirred or intensively bubbled electrolytes, the boundary layer thickness is usually larger than 40 mm and mass transfer limitations inside the pores might be more severe. 1-D and 3-D modelling results for nanostructured electrodes are schematically depicted in Fig. 5a and b , in the light of other experimental and theoretical studies. 13, 14, 27, 28, 42, 53 It is important to note that this is an idealization of the real system; in reality, the electrocatalysts most likely have a much more complex and heterogeneous concentration, activity and selectivity gradient along the catalyst layer. Fig. 5a illustrates a pH and CO 2 concentration gradient along a porous catalyst layer, where the former is usually more dramatic due to the smaller diffusion coefficients of buffer anions. Although CO 2 can still exist near the electrode surface when the local conditions are alkaline, due to the relatively slow reaction between OH À and CO 2 , 28 the concentration gradient may be signicant and only hydrogen might be produced at the bottom of the catalyst layer as the thickness of the catalyst layer is increased. 50 The CO 2 concentration and pH gradient along the catalyst layer is also likely to induce a selectivity distribution along the catalyst layer as a result of competing pH dependent and independent reactions (Fig. 5b) . The distribution of the products along the catalyst layer might be more complex than what is depicted, especially for copper electrodes. For example, the selectivity of products formed via a pH dependent pathway, such as hydrogen and methane, is likely to be formed at a part of the catalyst closer to the electrolyte where the concentration gradient is lower. 53 On the other hand, products formed via a pH independent pathway, such as ethylene and CO, will be affected mostly by CO 2 gradients and have a higher selectivity inside the pores due to the suppression of hydrogen evolution unless the catalyst layer becomes too thick. 50, 54 From this understanding, the highest product selectivity will be obtained on an electrocatalyst with an optimal catalyst layer thickness that balances pH dependent and independent pathways. Specically, a layer of sufficient thickness is needed to create an alkaline environment inside the pores, yet sufficiently thin to allow CO 2 diffuse through the entire catalyst layer. 52, 54 Furthermore, stable intermediates such as CO, ethylene, and formaldehyde need to be transported away from the porous and nanostructured catalyst layer to be observed as a nal product. Re-adsorption of these intermediates or reactions with adsorbed molecules via an Eley-Rideal type of mechanism is proposed to result in the production of more reduced compounds such as ethane and propanol, 55-57 depending on the dimensions and structure of the pores. As a nal caveat, the optimal thickness and geometry depends on the desired current density, as this also inuences the delicate balance of species inside the nanostructure.
Transport effects on nanostructured and mesostructured electrodes have also been well recognized for different types of reactions such as the ORR as well as hydrogen, CO and methanol oxidation. Higher amounts of formaldehyde and formic acid were reported during methanol oxidation at low electrocatalyst loadings, while complete oxidation to CO 2 was prominent at high catalyst loadings. 58 Similarly, hydrogen peroxide yield was found to be affected dramatically by the coverage and density of Pt nanodisks on glassy carbon substrate during ORR to water. 59 Similar trends were also observed in CO and ethanol oxidation. 60, 61 Recently, it has been recommended to measure the boundary layer thickness of the electrochemical cells by using an outer sphere redox reaction, e.g. ferricyanide reduction. 20 Although this may help to compare the hydrodynamics of the cells used in different labs, it is necessary to point out that the evolving gas bubbles during CO 2 electroreduction can have a signicant impact on the boundary layer thickness, especially for high surface area electrodes. 51, 62 In Fig. 6 , the effect of stirring on the boundary layer thickness is depicted with dashed lines and arrows for three different stirring speed. In addition, the effect of bubble formation on the boundary layer thickness is given as a function of current density for each stirring speed. 51 In a well stirred electrochemical cell (1000 rpm), the bubbles can lower the thickness of the boundary layer to 2-3 times the initial value at elevated current densities, i.e. only with stirring and ignoring bubble formation. More importantly, at high currents, mass transport is governed by the bubble induced mixing, and the effect of stirring is much less prominent when compared to low currents (<20 mA cm À2 ) as depicted by the arrows in Fig. 6 . However, it is important to note that this calculation does not take into account the effect of stirring on the removal of bubbles, which is particularly important for bubbles that have grown to a similar size as the boundary layer itself (50-100 mm). Nonetheless, the effect of bubbles in mass transport models are oen overlooked despite their undeniable impact on transport, 63, 64 which may lead to underestimation of buffer capacity and account for some of the differences observed with experimental measurements and calculated local pH values.
Moreover, the morphology of the catalyst itself can induce large changes in the bubble nucleation and release dynamics and subsequently in the boundary layer thickness. For, instance, on gold and copper nanowires, a 4-5 fold increase in the mass transport limited current density has been observed in the same electrochemical cell when compared to planar polycrystalline surfaces. 27, 51, 62 Since the morphology itself, in addition to the local current density, inuences the mass transport, using an external redox couple may not be always quantitatively representative for the electrochemical conditions created during electrochemical CO 2 reduction. Nevertheless, this could help to qualitatively compare the results and trends reported in different labs on planar electrodes and at lower current densities.
While a large number of papers discuss diffusive effects, migration effects are oen assumed to be negligible in 1-D reaction-diffusion mass transport models on planar electrodes. Recent continuum modelling efforts, however, have indicated that the electrical double layer (EDL) might have a signicant inuence on the composition and physical properties of the reaction environment within the rst few nanometres from the catalyst surface, including the pH. 65 The length of the electrical double layer is dependent on how well the electric eld on the surface is screened by the adsorbed molecules and ions. Therefore, it can be different for the electrodes where CO 2 reduction takes place with high and low CO coverage, e.g. for copper and silver.
Moreover, the electrical double layer itself is also a factor inuencing the total active catalytic surface area accessible to the reactive species. 56, 66 Smaller catalyst pore sizes, although leading to an enhanced interaction of the species in solution with the catalyst due to a higher residence time, can also result in exclusion of oppositely charged species or a attening of the electric eld prole leading to catalytically dead regions. 67 In addition, the solution resistance in pores is inversely proportional to the pore size and will have a direct inuence on the ability of reactants and products to move in and out of pores. 68 Overall, the effect of migration on mass transport in an elec-tried porous medium is quite complicated and has not been discussed or reconciled in sufficient detail in the eld of electrochemical CO 2 reduction. 69 
Thin-lm electrodes
The separation between the nanostructure and thickness of the catalyst layer are of key importance to decouple mass transport effects from electrochemical reactions during the evaluation of intrinsic activity, selectivity and kinetic analysis of CO 2 reduction electrocatalysts. Evaluation of intrinsic activity can be potentially achieved by loading of nanoparticles onto inert substrates by various methods such as spin coating, dip coating etc. to obtain uniform and thin lms. This approach has been extensively used and studied for fuel cell reactions, yet up to date has relatively seldom been applied to CO 2 electroreduction. 7, [70] [71] [72] When an inert support material, e.g. glassy carbon, is used, a radial concentration gradient is considered to form around each nanoparticle (see Fig. 7 ). 73 As the interparticle distance is decreased, the individual diffusion spheres eventually overlap to form a planar diffusion front. At sufficiently high coverage and thickness, these electrodes are practically not very different than nanostructured electrodes. Although all of the electrodes eventually will reach mass transfer limitations at a sufficiently high reaction rate, e.g. at high current densities, the number density of nanoparticles and thickness of the catalyst layer determines the potential window that is free of mass transfer limitations. For instance, lm thicknesses below 0.2 mm may avoid mass transfer limitations through the catalyst later for ORR, 73,74 while CO 2 electroreduction catalysts are oen signicantly thicker (0.1-100 mm). The critical thickness will depend on the catalyst morphology, e.g. pore size and distribution and hydrodynamics of the electrochemical cell.
There are considerable efforts to synthesize size and shape controlled nanoparticles and test their CO 2 electroreduction performance. [75] [76] [77] [78] The effects of nanoparticle size and shape have been reviewed and discussed elsewhere, 72, 79 here we only highlight the potential mass transfer effects that will affect the measured catalytic activities. Nanoparticles prepared by bottom-up methods are oen deposited as thin lms for electrochemical tests. In this approach, it is relatively easier to identify the structural changes taking place during electrolysis and mass transfer effects are less prominent when compared to nanostructured electrodes if sufficiently thin electrodes with low loadings are employed. However, the activities are sometimes reported as mass activity and/or geometrical current density which are usually not straightforward to compare between other type of electrodes. The mass activity is interesting to discuss for practical applications, especially for trying to reduce the loading of noble metals, however, it is not a useful metric for intrinsic activity unless the same type of nanoparticles are utilized. ECSA normalized current densities that are subtracted from the substrate activity, e.g. glassy carbon, enables the best comparison between nanoparticles having different size and shape. [80] [81] [82] However, the loading of the nanoparticles should be high enough to allow for product analysis, while sufficiently thin to not suffer from mass transfer losses. For instance, Pt loadings on the order of 5-20 mg cm À2 are suggested for studying ORR. One advantage of ORR over CO 2 reduction is that the recorded current density can be directly used as a measure of activity while product analysis techniques, that are typically much less sensitive than electrochemical methods, are required during CO 2 reduction. Strasser and coworkers investigated the effect of nanoparticle density and loading on catalytic activity and selectivity of copper nanoparticles during CO 2 electroreduction. 83, 84 The effect of local pH and re-adsorption of stable intermediates, e.g. CO, was considered to alter the selectivity as the inter-particle distance and nanoparticle density was systematically reduced. More importantly, the study allows for the decoupling of mass transfer effects from the intrinsic activity of nanoparticles at an inter-particle distance to particle size ratio larger than 10. In addition, Kim et al. revealed the importance of dissolution and re-deposition on the selectivity under cathodic potentials for copper nanoparticles on a carbon support. 36 The structural changes during electrolysis lead to the formation of densely packed nanoparticles that alter the selectivity towards C2 and C3 products. One of the challenges in using this approach is that it requires a large ratio of electrode surface area to electrolyte volume to obtain enough sensitivity for liquid product analysis since the current density is typically low.
In light of this discussion, it would make sense to study electrocatalysts for CO 2 reduction using a technique that allows for the decoupling of mass transfer effects from charge-transfer kinetics and (electro-)chemical kinetics. Rotating disk electrodes (RDE) are a common electrochemical tool that can be utilized for this purpose, as they allow for specic control of mass transfer at the electrode surface. For this reason, RDE has been extensively used to study the electrochemical kinetics of thin lm electrodes for fuel cells reactions such as ORR, HOR and the oxidation of small organic molecules. 7 However, using RDE for measurements during electrochemical CO 2 reduction is challenging due to the requirement of gas product analysis. Gas product analysis is essential since the current density cannot be directly used as a metric of activity because of the broad product distribution of CO 2 electroreduction and the competing hydrogen evolution reaction. Moreover, problems due to bubble accumulation on the electrode can arise when using rotating (ring) disk electrodes for gas evolving reactions, especially at lower rotation speeds. 85 Recently, gastight RDE cells have been developed that either employ a gastight seal between the rotator and the cell, 13, 25, 86 or use magnetic coupling to transfer the rotation from an external motor to a rotating sha housed within the cell. 87 These designs allow for in-line gas product analysis during experiments under mass transport control, which are essential to derive meaningful structure-property relationships for electrochemical CO 2 reduction.
Due to the aforementioned issues, the amount of studies reporting on electrochemical CO 2 reduction that have used hydrodynamic electroanalytical techniques, such as RDE, is surprisingly low. Surendranath et al. have employed rotating cone electrodes (RCE) to study the kinetics of electrochemical CO 2 reduction on mesostructured gold and silver electrodes. 13, 14 In their work they show that the observed current densities during CO 2 electroreduction are either not affected or surprisingly decreasing with increasing rotation speeds, while current densities during HER are increasing with increasing rotation speeds. On the basis of these observations, they conclude that CO 2 reduction is far more resistant to mass transport limitations than HER. Mass transport effects due to depletion of CO 2 near the electrode surface or inside the porous catalyst layer might have a signicant effect on CO 2 reduction rates if there is very limited convection. 28 Finally, some studies have employed rotating ring disk electrodes (RRDE) to probe the electroreduction of CO 2 under mass transfer controlled conditions. [88] [89] [90] By employing this technique, products that are formed on the disk electrode can be detected on the ring electrode by electro-oxidation. Fig. 7 Mass transport towards thin film nanoparticulate electrode on an inert substrate: from (a) to (c) individual radial diffusion spheres starts to overlap to give a planar diffusion front as the inter-particle distance decreases.
Especially products such as CO and formic acid, that show distinct oxidation peaks, can be accurately measured. Since RRDE allows for fast detection of the formed products, this technique can serve as an alternative to RDE measurements coupled with gas product analysis, provided that the collection of products at the ring is facile and the oxidation of detected products on the ring electrode does not interfere with other reactions.
Conclusions
Nanostructured electrodes have been heavily investigated due to their the ability to signicantly improve the activity and selectivity of electrochemical CO 2 reduction at low overpotentials. However, the improvements on the onset potential and selectivity are very sensitive to process parameters and the local environment due to large differences between the ECSA of the nanostructured and benchmark planar electrodes. Therefore, potential dependent ECSA normalized activity plots currently provide the best metric for the comparison of electrocatalysts with different surface area and catalyst layer thickness, while. However, due to thick 3-D catalyst layer and highly dense interconnected structure, the ECSA normalized activity of nanostructured electrodes might be very vulnerable to mass transport effects. As the mass transfer limited and charge transfer limited region convolute, e.g. mixed control, the effect of mass transfer might be prominent in nearly all tested potentials that are much less negative than the plateau region especially for electrodes with 3-D thick catalyst layer. Both the kinetic parameters and ECSA normalized activity will be extracted at the presence of mass transfer effects as it is not easy to differentiate the mixed region unless controlled experiments are done. Therefore, ECSA normalized activity might be underestimated depending on the catalyst layer thickness especially for copper electrodes. Preparing thin lm electrodes from nanoparticles that are synthesized by bottom up approaches, e.g. shape and size controlled nanoparticles, might allow decoupling the mass transfer effects from the measured activity. The challenges are the analytical sensitivity at low loadings of nanoparticles and gas tight RDE setups when compared to other gas phase chemical reactions in which the current density can be used as a metric for the activity.
Despite the vulnerability of nanostructured electrodes to mass transfer limitations, ECSA normalized activity of nanostructured silver electrodes exhibited higher activity when compared to planar and polycrystalline silver during CO 2 electroreduction in contrast to gold and copper. However, the differences between the coinage metals do not necessarily imply controlled faceting is only possible for silver electrodes. Instead, it can be result of the differences on benchmark polycrystalline electrodes, e.g. abundance in under-coordinated sites on smooth polycrystalline surfaces.
The mass transport towards a planar surface and nanostructured surface is essentially different due to differences in the catalyst layer thickness. However, mass transport models were so far usually limited to 1-D models which does not directly include the effects of nanostructuring except few recent studies. In addition, the effects of migration and bubbles are the two important parameters oen overlooked in mass transport models. The changes in bubble nucleation and release dynamics as a result of high surface area and different morphology, can account for some differences in experimental and modelling studies.
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